To improve the quality of frictional data and to validate the simulations in rolling, a load transducer for measuring normal and frictional stresses in the deformation zone has been developed. The transducer consists of a strain-gauge-equipped insert embedded in the surface of the roll. The length of the insert exceeds the contact length. By analysing the output from the insert, the frictional stress and normal pressure in the contact zone can be determined. The new concept differs from existing pin designs by less disturbance of lubricant film and material flow and limited penetration of material between the transducer and roll. The transducer is tested at laboratory conditions and is expected to be running in industrial conditions in 2004.
INTRODUCTION
Cold rolling is widely used as a basic process for all sheet-forming processes, e.g. deep drawing, stretch forming, bending, punching, and blanking processes. For the rolling process, knowledge about interface conditions is important since it directly influences the maximum reduction ratio and thereby the number of steps required for a given reduction. The mechanical properties of the produced sheet and the surface quality of it are also influenced by the friction conditions. To achieve this important information, measurements of the normal pressure and frictional stresses in the deformation zone are required. The process conditions in the contact zone make these measurements a difficult task owing to high pressure, high speed, large temperature gradients, lubricants, rotating tools, and limited space for additional equipment.
Commercial finite element codes have reached a stage where simulation time, complexity, and reliability are acceptable. For simulation of the rolling process, description of rolls and workpiece geometry is well documented; however, the lack of material and especially interface data influence the quality of the simulation. Missing frictional data make it impossible to predict the geometry and properties of the deformed sheet and the maximum reduction. Reliable interface data will therefore be valuable for the process designer.
The direction of the frictional stresses is changing during the rolling gap. At the entrance of the deformation zone, the peripheral velocity of the roll is higher than for the incoming material, which causes frictional stresses at the material acting in the rolling direction. At the outlet of the rolling gap, the velocity of the deformed material exceeds the velocity of the roll, generating frictional stresses contrary to the direction of rolling. In a narrow area in the deformation zone, the velocity of the deformed material is equal to the velocity of the rolls. This area or line is called the 'neutral line'. The position of the neutral line depends on the friction, reduction ratio, diameter of the rolls, and width of the sheet.
STATE OF THE ART AND PREVIOUS WORK
Several attempts have been carried out to measure the normal and frictional stresses during the rolling process. In 1933, Siebel forces in the deformation zone. In a radial hole in the roll, a pin supported by a piezoelectric ceramic was mounted 1=100 mm above the roll surface. The normal pressure was measured by calibrating the electrical output from the piezoelectric ceramic. A neutral line was clearly identified. A drop in the pressure towards the edge of the strip was found. This is explained by the lateral widening of the strip.
Other techniques have been described in references [2] to [17] . Most methods are based on a measuring pin or pins, e.g. that of Rooyen and Backofen [3] , who mounted two pressure-sensitive pins into the surface of the rolls. One pin was mounted radial to the roll and one at an oblique angle. This concept enables separation of the normal and frictional stresses. An improved pin technique was developed by Truncer and Dean [4] , who used a conical pin fitting into a conical bore in the roll. This principle should prevent material from penetrating the roll even at high pressures. Lenard [5] has by use of a pin transducer found that the peak in the normal pressure may differ from the neutral point. Later, Lagergren and co-workers [6, 7] have identified a double normal pressure peak. A method using measurement of the deformation of the roll leading to an estimation of the friction conditions in the rolling gap has been developed by Polychin [8] .
The principle of a pressure-sensitive measuring pin has been the object of much discussion. The diameter of the pin itself means that an average value of the pressure in the contact zone between the pin and the material is measured. If the pin sticks out of the roll, it may influence the material flow and the measurements. If the pin is below the surface of the roll, the pressure is expected to be underestimated. For friction measurements, the pin needs some space for tangential deflections, necessitating a gap between the roll and the pin. During the rolling process, material and lubricant may be extruded into this gap, leading to inaccurate measurements. Finally, the lateral deflections of the pin may create contact between the pin and bore which on the output of the transducer would be misleading.
To avoid the problems related to the pin design, Wanheim and Zeuthen [9] invented a new concept, where the roll surface is split into two parts. One part is supported by needle bearings and fastened to the other by screws ( Fig. 1) . By use of a condenser, the distance between the needle-supported segment and the fixed segment could be determined. The output of the condenser expressed the forces between the two segments. This load represented then the integral of the frictional stresses acting at the needle-supported segment. By differentiating the signal, the variation in the frictional stresses through the contact zone could be determined. However, an inconvenient combination of the normal pressure and the material flow in the deformation zone caused the material always to flow uphill against the step created between the two segments, disturbing the measurements. As a refinement of this principle, a new approach was developed, using an insert longer than the contact zone. By analysing the conditions at the leading edge and rear edge of the insert, a downhill flow at all positions in the contact zone is identified as explained in the following section.
MEASUREMENT PRINCIPLE AND TRANSDUCER DESIGN

Measurement principle
The transducer for measuring the normal and frictional forces is mounted into the roll in a somewhat protruding manner. The length of the transducer is larger than the length of the contact zone. In this way, the leading edge will leave the deformation zone before the rear end enters. A gap between the transducer and the roll is needed to allow the transducer to move freely, as shown in Fig. 2 . The design of the transducer consists of two pillars connected by stiff beams. The pillars are equipped with strain gauges, which enable individual measurements of the normal and friction forces. In Fig. 3 , the deformation pattern for a tangential and a normal loading of the transducer are shown.
The transducer measures the integrated normal force and frictional force at the contact area. A constant situation is expected when the transducer covers the full deformation zone. In Fig. 4 , the four different phases of the measuring cycle is shown. Phase 1 describes the entrance of the leading edge into the deformation zone. At this stage, the material at the edge will move more slowly than the peripheral velocity of the roll, and an uphill Measurements of normal and frictional forces in a rolling process flow can be identified. In phase 2, the leading edge has passed the neutral line, and the material flow will now be faster than the roll, leading to a downhill flow. The next phase starts when the rear end of the transducer reaches the deformation zone. Since the transducer surface is protruding somewhat from the roll surface, the material flow will be downhill until the rear end passes the neutral line and phase 4, with an uphill flow, starts. When a downhill flow exists, the risk that material penetrates into the gap and disturbance of the material flow will be minimized. Figure 5 shows the expected normal and friction outputs of the transducer.
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Transducer design
The transducer is made of one piece of solid hardened steel. In Fig. 6(A) the transducer with strain gauges before mounting in the roll is shown. The gap width and required step height have been chosen according to results from finite element method simulations. Figure 6(B) shows the 0.3 mm elevation of the transducer. The transducer surface is ground after it has been mounted in the roll. The transducer is 10 mm wide and 40 mm long, and inserted in a roll with a diameter of 230 mm. The four outputs of the strain gauges as functions of time are stored on a data acquisition system. At present, the data are transmitted through wires, limiting the number of rotations. These signals are converted from volts into two forces (normal and frictional) and a position on the transducer surfaces with a mathematical model implying six calibration factors. The calibrations and the mathematical model for conversion have been verified by applying both normal and tangential forces at different positions on the transducer. The measured and applied forces show very good agreement.
EXPERIMENTAL WORK
The transducer was tested at Mefos, Luleå, Sweden, on a duo mill. The copper, aluminium and steel strips used were 40 mm wide and up to 10 mm thick. Initially, annealed copper and aluminum strips were rolled to avoid overloading. Later, steel strips were used but only at low reductions. All experiments are carried out with a low velocity at 10 mm/s. This is due to the wires for the data acquisition system, which need to follow the rotation of the roll. No lubricants are added during the test.
The reproducibility of the experiments is tested by taking measurements for 6 cycles. No variations are detected. In Fig. 7 , the output from the four strain gauge systems is shown for rolling of annealed copper strips from 10 to 8 mm thickness. The data are transformed into specific loads by the calibration factors. The two peaks on the vertical load curve are used as references for the position since the distance represents the length of the transducer minus the length of the contact zone, equal to 22.83 mm. In Fig. 8 the normal and frictional forces are shown with the x-axis corresponding to the position on the transducer. Studying the mark from the transducer on the strips after rolling, it can be seen that material penetrates the gap between the transducer and the roll. The penetrating material in the leading edge of the transducer does not influence the measurements, since the gap expands until the front end of the transducer has passed the contact zone. The material which flow into the rear gap is ripped off when the gap width decreases at the end of the pass. This material blocks the transducer, causing inaccuracies in the frictional force determined by the end of phase three.
The measured frictional and normal forces are differentiated to determine the frictional and normal pressures in the contact zone. In Fig. 8 , the parts originating from phases 2 and 3, where the material flows downhill, are shown. The differentiated signals from phase 2 are the normal and frictional forces from the neutral line to the outlet, where phase 3 represents the conditions from the inlet to the neutral line. In Fig. 9(b) , the normal pressure and frictional stresses from phase 3 are shown; the vertical line indicates where phase 3 stops. In Fig. 9(c) , phase 2 and 3 are joined so that the normal pressure and frictional stress along the full contact zone are shown. It is seen that the friction has different directions on each side of the neutral line, and that the normal pressure varies along the contact zone. In the near future, the rolling forces and torques acting in the rolling process will be measured. This will enable a comparison to be made with the measured normal and frictional forces, which in this way can be verified. At present, the presence of a rolling torque is only indicated because the friction in phase 3 is numerically larger than in phase 2.
CONCLUSION
The concept of measuring the accumulated normal forces and frictional forces with a transducer longer than the contact zone, following determination of the normal pressure and frictional stresses by differentiating the forces, is proven to be valid.
The proposed method for calibrating the transducer and the mathematical model describing the transition of the strain gauge signals into forces has been verified.
Reliable measurements can be carried out in spite of the fact that material penetrates the gap between the transducer and the roll. The influence of the penetrating material is very low, since the gap is opening in phase 2 and at the start of phase 3.
The concept is expected to be improved in the near future, when the measurements can be validated with reference to the external forces and torques and the number of measurements increased by use of a wireless data acquisition system.
